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Viperin plays an important and multifaceted role in the
innate immune response to viral infection. Viperin is also nota-
ble as one of very few radical SAM-dependent enzymes present
in higher animals; however, the enzyme appears broadly con-
served across all kingdoms of life, which suggests that it repre-
sents an ancient defense mechanism against viral infections.
Although viperin was discovered some 20 years ago, only
recently was the enzyme’s structure determined and its catalytic
activity elucidated. The enzyme converts CTP to 3'-deoxy-3',4'-
didehydro-CTP, which functions as novel chain-terminating
antiviral nucleotide when misincorporated by viral RNA-de-
pendent RNA polymerases. Moreover, in higher animals,
viperin interacts with numerous other host and viral proteins,
and it is apparent that this complex network of interactions con-
stitutes another important aspect of the protein’s antiviral activ-
ity. An emerging theme is that viperin appears to facilitate
ubiquitin-dependent proteasomal degradation of some of the
proteins it interacts with. Viperin-targeted protein degradation
contributes to the antiviral response either by down-regulating
various metabolic pathways important for viral replication or by
directly targeting viral proteins for degradation. Here, we review
recent advances in our understanding of the structure and cata-
lytic activity of viperin, together with studies investigating the
interactions between viperin and its target proteins. These
studies have provided detailed insights into the biochemical
processes underpinning this unusual enzyme’s wide-ranging
antiviral activity. We also highlight recent intriguing reports
that implicate a broader role for viperin in regulating nonpa-
thological cellular processes, including thermogenesis and
protein secretion.

Viperin (virus-inhibitory protein, endoplasmic reticulum—
associated, interferon-inducible) is an interferon-stimulated
gene (ISG) product that restricts the infectivity of a wide range
of viruses (1-4). The enzyme was first identified in 1997 as one
of several genes up-regulated in response to infection by human
cytomegalovirus (HCMYV) and was therefore initially referred
to as cig5 (cytomegalovirus-inducible gene 5) (5). Early work
also identified the gene as up-regulated in viral infections of
fish (6). In 2001, the gene was isolated from HCMV-infected
fibroblasts (7). When stably expressed, viperin was shown to
restrict HCMYV replication and abolish the expression of glyco-
proteins from the viral capsid. Later it became apparent that
viperin is identical to the radical SAM domain—containing pro-
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tein 2 (RSAD2) located on chromosome 2 of the human ge-
nome (7). Subsequently, this highly species-conserved protein
has been identified in the genomes of various mammals, fish,
and reptiles.

Viperin is expressed at low basal levels in most cell types but
is strongly induced by numerous viruses (6, 8—10). Table 1
summarizes the different viruses that viperin has been found to
restrict and its mode of action, where known. Among the
viruses documented to induce viperin are DNA viruses such as
cytomegalovirus (CMYV) (7, 48, 49) and retroviruses such as
HIV-1 (45). Viperin also restricts many positive-strand RNA
viruses such as flaviviruses, including hepatitis C virus (HCV)
(9, 12, 13), West Nile virus (15), Zika virus (18, 21, 22), and den-
gue fever virus (15, 16), and alphaviruses that cause Sindbis (25,
26) and Chikungunya fevers (23, 24, 26). Last, viperin exhibits
antiviral properties against negative-strand RNA viruses,
including orthomyxoviruses such as influenza A virus (11),
rhabdoviruses including rabies virus (1, 39), and paramyxovi-
ruses such as Sendai virus (1, 27).

Viperin expression is also induced by a wide range of extrac-
ellular macromolecules that trigger the innate immune
response by engaging various cell-surface receptors; these
include type I, 11, and III interferons, dsDNA and RNA, and li-
popolysaccharides (8). In particular, the expression of mamma-
lian viperin is induced through direct activation of Toll-like re-
ceptor (TLR) or RIG-I receptors by viruses (10, 54—56). The
interferon-stimulating gene factor 3 (ISGF3) shows strong reg-
ulation of viperin expression in the interferon-dependent path-
way, whereas in the interferon-independent pathway, the
expression of viperin is controlled by interferon-regulatory fac-
tors (IRF1 and IRF3) (10).

Viperin is increasingly regarded as playing a central role in
the cellular antiviral response and, more broadly, in innate
immune signaling; evidence is also emerging that it plays a role
in regulating metabolic processes under nonpathological con-
ditions. Although the antiviral properties of the enzyme have
been recognized for some time, it is only recently that the bio-
chemistry underpinning viperin’s biological function has begun
to be elucidated. Viperin was recently shown to synthesize the
antiviral ribonucleotide 3’-deoxy-3',4’'-didehydrocytidine tri-
phosphate (ddhCTP), which inhibits the replication of some
RNA viruses by acting as a chain terminator when misincorpo-
rated by viral RNA-dependent RNA polymerases (Fig. 1) (57).
Viperin also interacts with numerous cellular and viral proteins
within the cell. These interactions are important in immune
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Figure 1. The two faces of viperin’s antiviral activity. Center, viperin associates with the cytosolic face of the ER membrane through an N-terminal amphi-
pathic helix. The radical SAM domain (orange) houses the active-site Fe-S cluster, whereas the C-terminal (blue) domain is important for substrate binding. The
C-terminal tryptophan residue is an important recognition factor for the Fe-S cluster-installing protein, CIAO1. Left, viperin catalyzes the dehydration of CTP to
ddhCTP through a radical mechanism; for some viral RNA-dependent RNA polymerases, ddhCTP may inhibit genome replication by acting as a chain termina-
tor. Right, many of viperin’s antiviral effects arise from its interactions with a wide variety of host and viral proteins; these variously inhibit viral replication, as-

sembly, and budding by regulating metabolic and signaling pathways.

signaling, in down-regulating metabolic pathways that are im-
portant for viral replication, and in ubiquitin-dependent degra-
dation of viral proteins (Fig. 1). Here we review recent progress
in our understanding of viperin from the biochemist’s perspec-
tive; we refer the reader to other recent reviews that discuss
viperin more in the context of virology and immunology
(2,3,58).

Domain structure and function

Sequence analysis of viperin shows it to be a 361-residue pro-
tein (human enzyme), with M, ~ 42,000. The enzyme appears
to be broadly conserved across all animal phyla, and recent bio-
informatic analyses have identified viperin-like sequences
across all six kingdoms of life, including fungi, bacteria, and
archaea (59, 60) (Fig. 2). The protein sequence contains three
distinct regions (often loosely referred to as domains in the lit-
erature). The N-terminal extension, which comprises ~50 resi-
dues, shows considerable variability between species in both
length and sequence and is absent in most viperin-like sequen-
ces from microbes. This sequence is predicted to adopt an am-
phipathic a-helical structure and aids in localizing viperin to
the cytosolic face of the endoplasmic reticulum (ER) and lipid
droplets (61, 62); these are the sites at which viruses, such as fla-
viviruses, are assembled in the cell (3). Accordingly, truncating
the N-terminal extension of viperin results in its delocalization
from the ER membrane, which severely compromises viperin’s
ability to restrict the replication of some viruses (12, 19).

The central SAM-binding domain and C-terminal extension
of viperin are, in contrast, highly conserved across species. The
central domain contains four sequence motifs associated with
the radical SAM superfamily, including the canonical tricys-
teine motif (CXXXCXXC), responsible for binding the catalytic
[4Fe-4S] cluster. As discussed below, the central domain adopts
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Figure 2. Viperin-like sequences are found across all domains of life.
Shown is a sequence similarity network of viperin, showing that in addition
to eukaryotes (magenta nodes), viperin-like sequences also cluster in archaea
(green nodes) and bacteria (blue nodes). The highlight nodes represent the
sequences from Homo sapiens (HsaViperin), the fungus Trichoderma virens
(TviViperin), and the archaeon Methanofollis liminatans (MliViperin), which
have been the subject of biochemical characterization. Notably, the micro-
bial enzymes lack the ER-localizing domain. Reproduced from Ref. 60 with
permission. This research was originally published in the Journal of Biological
Chemistry. Chakravarti, A., Selvadurai, K., Shahoei, R,, Lee, H.,, Fatma, S., Taj-
khorshid, E., and Huang, R. H. Reconstitution and substrate specificity for iso-
pentenyl pyrophosphate of the antiviral radical SAM enzyme viperin. Journal
of Biological Chemistry. 2018;293:14122-14133. © the American Society for
Biochemistry and Molecular Biology.
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the “partial B-barrel” (Ba)g fold common to most radical SAM
enzymes, whereas the C-terminal extension is important for
binding CTP.

Last, the extreme C-terminal residues of viperin have been
implicated as important for mediating installation of the [4Fe-
48] cluster by the iron-sulfur cluster—installing protein CIAO1
(19, 63). Studies with human viperin, transiently transfected in
HEK 293T cells, showed that mutating the C-terminal trypto-
phan residue prevented CIAO1 from binding to viperin. Subse-
quently, in vivo labeling studies employing *°Fe demonstrated
that the mutated viperin no longer contained an iron-sulfur
cluster after it was immunoprecipitated from cell lysates.

Elucidation of the substrate for viperin

Radical SAM enzymes catalyze a remarkably diverse range of
chemical transformations (64—69). These include key steps in
the biosynthesis of various enzyme cofactors and the biosynthe-
sis of a wide range of natural products. They also catalyze various
post-translational and post-transcriptional modifications of pro-
teins and tRNAs and are involved in the fermentation of various
carbon sources by bacteria. Initially, however, there was skepti-
cism that viperin might be a radical SAM enzyme.

Several factors contributed to this skepticism. Although
more than 600,000 sequences currently fall in the radical SAM
enzyme superfamily (70-73), at the time of viperin’s discovery,
far fewer radical SAM enzymes were known, and those were
confined to bacteria. All radical SAM enzymes are oxygen-sen-
sitive, making it seem unlikely that they would be active in aero-
bic organisms. Also, the various enzyme cofactors synthesized
by radical SAM enzymes are obtained by animals in their diets
as vitamins, obviating the need for the complex chemical trans-
formations catalyzed by radical SAM enzymes. Furthermore,
the literature contained conflicting information regarding
whether the radical SAM domain of viperin was or was not
required for the protein’s antiviral activity, which seemed to
depend upon the virus in question. For example, mutation of the
conserved cysteine residues that ligate the catalytic [4Fe-4S] clus-
ter was found to abolish viperin’s antiviral activity against tick-
borne encephalopathy virus (19) but had no effect on the enzyme’s
ability to restrict the infectivity of influenza A virus (11).

It is now established that viperin genuinely is a radical SAM
enzyme—one of only eight annotated in the human genome;
the others are involved in molybdopterin biosynthesis, fatty
acid biosynthesis, and tRNA modifications (65). The first evi-
dence supporting this view came from the demonstration that
viperin catalyzed the reductive cleavage of SAM to form 5'-de-
oxyadenosine (5'-dA), which is a hallmark of radical SAM
enzymes, albeit in a slow uncoupled reaction (74). However,
none of the studies demonstrating viperin’s antiviral properties
provided any clear insight into the substrate(s) for the enzyme.
The identification of the substrate for viperin therefore relied
on educated guesswork.

Two key observations aided in identifying the substrate.
They were (i) that the gene encoding viperin is found adjacent
to the nucleoside monophosphate—phosphorylating enzyme
cytidylate monophosphate kinase 2 (CMPK2) and (ii) viperin’s
similarity to the molybdopterin biosynthetic enzyme MoaA

11516 J Biol. Chem. (2020) 295(33) 1151311528

(59, 75). This enzyme catalyzes the cyclization of GTP to 3’,8-
cyclo-GTP as the first step of molybdopterin biosynthesis (76).
It is one of the few other radical SAM enzymes found in animals
and is most similar to viperin in both sequence and structure,
which are compared in more detail below. In particular, both
viperin and MoaA possess the C-terminal extension to the radi-
cal SAM domain involved in binding their respective nucleo-
side triphosphate substrates, which is not generally conserved
with other radical SAM enzymes.

After surveying a large number of viperin constructs, a stably
folded N-terminally truncated version of rat viperin was identi-
fied that formed 5'-dA in vitro when CTP was used as a co-sub-
strate (57). Subsequent analysis of the reaction products
revealed that CTP was converted to ddhCTP, by a dehydration
reaction that introduces a double bond between the 3’ and 4’
carbons of CTP (see Fig. 5B). Further confirmation that
ddhCTP is produced by viperin was obtained by showing that
mammalian cell lines that overexpress viperin produce high
levels of ddhCTP (57). We note here that viperin also catalyzes
the dehydration of UTP to form ddhUTP but binds this sub-
strate much more weakly, with a K;,, ~40-fold higher than that
of CTP (75).

ddhCTP appears to exert its antiviral effects by acting as a
chain-terminating inhibitor of genome replication by RNA
viruses (Fig. 1). When ddhCTP is misincorporated by the viral
RNA-dependent RNA polymerase, RNA polymerization can-
not proceed as the growing chain now lacks a 3'-hydroxyl
group. In vitro studies established that ddhCTP is efficiently
misincorporated by the RNA-dependent RNA polymerases
from flaviviruses such as the hepatitis C virus, dengue virus,
West Nile virus, and Zika virus (57). Furthermore, in cell lines
infected with Zika virus, the addition of ddhC to the culture
medium was found to effectively suppress the viral titer. From
these experiments, it appears that ddhCTP may be effective
against flaviviruses. However, ddhCTP was not effective against
RNA-dependent RNA polymerases from viruses from the
picornavirus family, such as poliovirus and human rhinovirus
(57), even though viperin is reported to be induced in response
to these viruses (2). This latter observation suggests that
ddhCTP production alone only partially explains viperin’s anti-
viral properties.

Somewhat controversially, it has recently been suggested
that ddhCTP does not exert its antiviral effects by acting as a
chain terminator of viral replication (77). This proposal was
based on the high ICs, values for ddhCTP competing with CTP
measured for several viral RNA polymerases, which are several
orders of magnitude higher than most synthetic chain-termi-
nating nucleotide analogs (57, 77). Instead, it was proposed that
by synthesizing ddhCTP, viperin depletes the cellular pool of
CTP and UTP nucleotides available to the viral polymerases
and that ddhCTP may furthermore interfere with mitochon-
drial metabolism. However, even low levels of misincorpora-
tion (less than 1 in 1000) would effectively terminate synthesis
of a viral genome that contains several thousand cytidine nucle-
otides. Furthermore, co-localization of viperin and the viral
RNA polymerase at the ER membrane would be expected to
increase the local concentration of ddhCTP. Other studies from

SASBMB
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Figure 3. Radical addition reactions catalyzed by fungal and archaeal viperins. A, addition reaction of 5'-deoxyadenosyl radical to UDP-glucose at either
C4 or C5 of uridine by a fungal viperin. B, addition reaction of 5’-deoxyadenosyl radical to isopentenyl pyrophosphate to form adenylated isopentenyl pyro-

phosphate catalyzed by archaeal and fungal viperins.

the same laboratory provided preliminary evidence that ddhCTP
may act as an inhibitor of several NAD “-dependent dehydroge-
nases, including glyceraldehyde-3-phosphate dehydrogenase, lac-
tate dehydrogenase, and malate dehydrogenase (78). But whether
the inhibitory effects of ddhCTP have physiological relevance and
how such broad-brush inhibition of primary metabolism might
restrict viral infection are unclear. Further studies on the effects of
ddhCTP on viral genome replication in vivo will be valuable to
better establish its mode of action.

Other reactions of viperin and viperin-like enzymes

The viperin-like enzymes from fungi and archaea lack the N-
terminal ER-localizing domain and have proved easier to over-
express in Escherichia coli than the mammalian enzymes. For
these enzymes, other reactions were identified prior to the dis-
covery of viperin’s ddhCTP-synthesizing activity, which are
summarized in Fig. 3. Following the observation that viperin
may interfere with the synthesis of viral glycoproteins, a study
using an enzyme from a thermophilic fungus (Thielavia terrest-
ris) found that viperin catalyzed the addition of uridine diphos-
phate glucose (UDP-glucose) to the adenosine moiety of SAM
through a radical mechanism (79). More recently, it has been
shown that this enzyme, like mammalian viperin, also catalyzes
the dehydration of CTP and UTP. It also appears to catalyze
nonproductive radical formation at the 5'-position of ATP,

SASBMB

which is trapped by reaction with the SO, radical anion gener-
ated from the sodium dithionite used to reduce the enzyme
(80). In a similar vein, the observation that viperin may inhibit
farnesyl pyrophosphate synthase (FPPS) led to another study
that demonstrated that fungal (Trichoderma virens) and arch-
aeal (Methanofollis liminatans) paralogs of viperin catalyze the
addition of the 5’'-deoxyadenosyl radical to the double bond of
isopentenyl pyrophosphate (60) (Fig. 3).

Neither UDP-glucose nor isopentenyl pyrophosphate were
found to be substrates for the mammalian enzymes (57), and
the physiological significance, if any, of these reactions remains
unclear as nothing is known about the antiviral response in
these organisms. Absent a clear biological rationale, it seems
plausible that these reactions may result from adventitious
binding of these substrates by the enzyme due to their nega-
tively charged phosphate groups. Furthermore, this type of rad-
ical addition reaction is a departure from canonical radical
SAM reactions that proceed through abstraction of a hydrogen
atom from the substrate.

Last, it has been reported that viperin catalyzes the oxidation
of protein methionine residues in DNA and RNA helicases
(81). In particular, viperin was found to bind to Kaposi’s sar-
coma-—associated herpesvirus helicase, the human DNA heli-
case, MCM?7, and the human RNA helicase, RIG-I. However,
the claim that viperin catalyzes methionine oxidation relies on
indirect evidence (i.e. co-expression of viperin with these

J. Biol. Chem. (2020) 295(33) 11513-11528 11517
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ceedings of the National Academy of Sciences of the United States of America. Fenwick, M. K., Li, Y., Cresswell, P., Modis, Y., and Ealick, S. E. Structural studies of
viperin, an antiviral radical SAM enzyme. Proceedings of the National Academy of Sciences of the United States of America. 2017; 14, 6806-6811. © United States

National Academy of Sciences.

helicases resulted in oxidation of methionine at several posi-
tions in the helicases (81)). No mechanism was proposed for
how such an oxidation would occur. Given what is known
about the structure and mechanism of viperin, it would seem
rather unlikely that protein methionine residues are a genuine
substrate for the enzyme and more likely that this is an indirect
effect of viperin overexpression. Confusingly, this protein mod-
ification was found to stabilize the helicases against degrada-
tion; therefore, if genuinely an effect of viperin, methionine oxi-
dation seems unlikely to be an antiviral response.

Structure and mechanism of viperin

The crystal structure of mouse viperin lacking the first 43
residues of the ER-localizing sequence has been solved to 2.0 A
resolution with SAH bound in place of SAM (59). Subse-
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quently, the structure with CTP also bound was solved to 1.45
A resolution. (75) The structures are shown in Fig. 4. The N-
terminal residues (residues 45-73) appear to be intrinsically
disordered and are not resolved in any of the structures. Resi-
dues 75-284 of the radical SAM domain adopt the canonical
“partial B-barrel” (Ba)¢ fold that characterizes other radical
SAM enzymes (82). The catalytic [4Fe-4S] cluster is ligated by
three cysteinyl side chains of the CXXXCXXC motif and proj-
ects into the lumen of the barrel, suspended by a loop between
the first B-strand and a-helix of the barrel domain. The amino
and carboxylate groups of SAH chelate the fourth (vacant) iron
atom of the [4Fe-4S] cluster, and SAH binds in a conformation
very similar to that seen in the structures of other radical SAM
enzymes. The geometry of the interaction is arranged to facili-
tate reductive cleavage of SAM by electron transfer from the
cluster to the sulfonium ion of SAM, which (based on the
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dration of CTP in which the 5’-deoxyadenosyl radical first abstracts the 4’-hydrogen of CTP; this is followed by the loss of the 3'-hydroxyl group, likely assisted
by a protein side chain (HA-) acting as a general acid, leading to a resonance-stabilized radical-cation intermediate. Tyr-252 is proposed to act as the intermedi-
ate source of the electron needed to complete the reaction and yield ddhCTP product. C, reaction mechanism of the formation of 3’,8-cH,GTP from GTP by
MoaA in which the 5’-deoxyadenosyl radical abstracts the 3'-hydrogen of GTP, followed by the radical-mediated formation of a five-membered ring between
the carbons at the 3'- and 8-positions. In the last step, an electron from the auxiliary [4Fe-4S] cluster reduces the radical, generating the product.

structure with SAH bound) is 3.6 A away from the fourth,
unique iron atom (75).

The C-terminal extension forms a subdomain that is impor-
tant for binding CTP. This subdomain is flexible and folds over
the barrel, mimicking a closed (Ba)g fold. In the absence of
CTP, the final 26 residues are disordered, but on binding CTP,
all but the last 2 residues become structured to form an addi-
tional a-helical region, followed by a P-loop that binds the
v-phosphate (Pvy) of CTP and, last, a region of 3;, helix (Fig.
4B). When bound, the 4'-hydrogen of CTP is only 2.8 A away
from the 5'-carbon of SAM and ideally positioned for its
abstraction by the adenosyl radical (Fig. 4C). Interestingly,
although the residues comprising the P-loop are highly con-
served across all viperin and viperin-like sequences, those that
make contact with the cytidine base are much less so (75). This
suggests that other viperin-like enzymes might have selectivity
toward nucleobases other than cytidine and possibly even mod-
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ity deoxyribonucleotides. The ability of mammalian viperins to
use UTP as a substrate, albeit a poor one, in addition to CTP
provides further support for this idea.

Overall, the three-dimensional structure of viperin most
closely resembles that of MoaA (76, 83), as shown in the overlay
of the two proteins in Fig. 4D. In particular, the residues
involved in binding the triphosphate groups of the substrates
are highly conserved between the two enzymes, and their struc-
tures overlay closely in this region. One important difference is
that viperin lacks the auxiliary C-terminal [4Fe-4S] cluster
found in the C-terminal domain of MoaA (Fig. 4D). Many radi-
cal SAM enzymes contain such auxiliary clusters, and they of-
ten function to accept or donate an additional electron that is
required in the reaction (84). As shown in Fig. 5, the reactions
catalyzed by viperin and MoaA (83) share some mechanistic
similarities, including the requirement for a final one-electron
transfer to reduce the product radical, so it is perhaps
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surprising that viperin lacks an auxiliary cluster that could per-
form this reduction.

The mechanism by which CTP is converted to ddhCTP has
not been investigated in great detail, but a plausible mechanism
is shown in Fig. 5. Isotope labeling has established that the 4'-
hydrogen of CTP is transferred to 5'-dA during the reaction
(57). The C4'-CTP radical thus generated has the effect of mak-
ing the 3'-hydroxyl of the ribose ring a much better leaving
group by stabilizing the resulting positive charge at the C3’
position (Fig. 5, A and B). A similar catalytic strategy is
employed in the radical-mediated dehydration and deamina-
tion reactions catalyzed by ribonucleotide reductases and
adenosylcobalamin-dependent enzyme, such as diol dehydra-
tase and ethanolamine ammonia lyase (66, 85, 86). However, in
these enzymes, radicals are employed catalytically, with the
radical-generating cofactor reconstituted after each turnover.
In contrast, SAM is consumed stoichiometrically in the
viperin-catalyzed reaction, and therefore an additional electron
is needed to reduce the ddhCTP radical in the last step of the
reaction.

In this regard, the viperin reaction is most similar to the
deamination of TDP-4-amino-4,6-dideoxy-D-glucose catalyzed
by the radical SAM enzyme TDP-4,6-dideoxyhexose 3,4-enoyl
reductase (DeslI) (87). However, in contrast to MoaA, neither
viperin nor Desll contains an auxiliary [4Fe-4S] cluster that
could supply this electron. This implies that the additional elec-
tron required by the reaction must be supplied by another
route. The pathway by which the final one-electron reduction
step occurs remains unclear, but interestingly recent EPR stud-
ies suggest that a conserved active-site tyrosine residue may
serve as the immediate electron donor in the viperin reaction
(Fig. 5). The evidence for this proposal comes from EPR studies
on the viperin-like enzyme from T. terrestris, which when
reacted with UTP generated an EPR spectrum characteristic of
a protein tyrosyl radical. Mutation of the active-site Tyr residue
to Phe abolished both the EPR signal and enzyme activity, sug-
gesting that this residue is responsible for the EPR signal and
essential for the reaction (80).

Interactions with other proteins

Although the synthesis of the antiviral ribonucleotide
ddhCTP explains how viperin may inhibit the replication of
some viruses, it is also clear that viperin interacts with numer-
ous other cellular and viral proteins and that these interactions
are vitally important to the broad-spectrum antiviral activity
associated with viperin’s expression. Table 2 summarizes the
various different proteins that viperin interacts with and the
effects of these interactions, where known. Broadly speaking,
the targets of viperin may be divided into three groups: cellular
proteins involved in innate immune signaling; proteins
involved in cellular metabolic pathways that are exploited dur-
ing the viral life cycle; and structural and nonstructural viral
proteins. However, it is not always clear whether the effects
attributed to viperin expression arise from a direct interaction
between viperin and the other protein under investigation or
are an indirect consequence of viperin expression. This ambi-
guity often arises from the differing nature of the experimental
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techniques employed, which in some cases leads to apparently
contradictory findings. Here we discuss some of the better
characterized interactions of viperin with other proteins, some
of which are summarized in Fig. 6, that provide insights into
how the enzyme is integrated into broader cellular antiviral
response.

Role of viperin in immune signaling
Interactions with IRAK1 and TRAF6

Viperin is increasingly recognized to play an important role
in innate immune signaling (2, 20). It has been shown to
enhance the activation of key signaling molecules in both the
ssRNA-sensing Toll-like receptor 7 (TLR7) and CpG DNA-
sensing TLRY pathways that lead to type I interferon produc-
tion (55, 96). Various lines of evidence point to viperin
stimulating Lys-63-linked polyubiquitination of interleukin-1
receptor—associated kinase (IRAK1) (97-99) by the E3 ubiqui-
tin ligase, tumor necrosis factor receptor (TNFR)-associated
factor 6 (TRAF6), which are downstream signaling components
of the TLR7 and TLR9 pathways (55, 98). Lys-63—linked polyu-
biquitination of IRAK1 activates this kinase to phosphorylate
interferon-regulatory factor 7 (IRF7), causing IRF7 to migrate
to the nucleus, where it activates transcription of type I inter-
ferons (Fig. 6C) (99, 100).

The interactions between viperin, IRAK1, and TRAF6 have
been investigated by immunoprecipitation experiments, which
demonstrated that viperin, IRAK1, and TRAF6 form a complex.
Viperin did not bind TRAF6 in the absence of IRAK1, suggest-
ing that IRAK1 mediates the interaction between viperin and
TRAF6 (88). Using transfected proteins in HEK 293T cells,
viperin was found to be necessary to stimulate the polyubiquiti-
nation of IRAK1 by TRAF6, when the three proteins form a
complex. In contrast, an inactive mutant, viperinA3C, that
lacks the [4Fe-4S] cluster, failed to stimulate polyubiquitination
of IRAK1 by TRAF6. It appeared that removing the [4Fe-4S]
cluster destabilized viperin, resulting in a significantly shorter
cellular £1;; however, its ¢, was restored when cells were cul-
tured in the presence of sinefungin, a tight-binding inhibitor of
many SAM-dependent enzymes. Sinefungin presumably stabil-
izes the structure of the enzyme (88). Significantly, sinefungin
also rescued the ability of viperinA3C to stimulate polyubiquiti-
nation of IRAK1, demonstrating that the radical SAM activity
of viperin is not required to activate TRAF6 to ubiquitinate
IRAK1 (88). Rather, sinefungin acts by stabilizing viperin in an
active conformation.

Interactions with STING and TBK1

Recently it was shown that viperin interacts with the signal-
ing adaptor proteins, STING (stimulator of interferon genes)
and the threonine-serine protein kinase, TBK1 (101). STING
plays a central role in sensing cytosolic dsDNA and as an adap-
tor protein involved in type I interferon-signaling pathways
(102, 103). Its downstream target is TBK1. STING binding to
TBK1 activates its kinase activity by stimulating Lys-63—linked
polyubiquitination of TBK1 on lysine residues 30 and 401
through the action of an E3 ubiquitin ligase, yet unidentified.
Once activated, TBK1 phosphorylates transcription factor
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Figure 6. Overview of viperin’s interaction with other proteins. A, viperin perturbs the formation of cholesterol-rich lipid rafts, which stalls budding of
enveloped viruses such as influenza A. This is thought to occur through the down-regulation of cholesterol biosynthetic enzymes, including FPPS. B, transloca-
tion of viperin to the mitochondrion results in down-regulation of the thiolase activity of HADHB, the B-subunit of the MTP complex involved in fatty acid
B-oxidation, which impacts ATP production. C, viperin interacts with the protein kinase IRAK1T and E3 ubiquitin ligase TRAF6 to facilitate Lys-63-linked polyubi-
quitination of IRAK1 by TRAF6, thereby activating the IRF7-mediated interferon expression. D, viperin interacts with various structural and nonstructural viral
proteins and promotes their degradation through the ubiquitin-dependent proteasomal pathway.

IRF3, which is translocated to the nucleus and promotes pro-
duction of IFN-I. Viperin binding to STING was found to
enhance the activation of TBK1 by increasing the polyubiquiti-
nation of TBK1 (101). Although STING is not itself a ubiquitin
ligase, viperin’s interactions with STING and TBK1, which up-
regulate polyubiquitination, clearly parallel those observed
with IRAK1 and TRAF6. In this case, the [4Fe-4S] cluster of
viperin appears to be important for its activating effect because
the viperinA3C mutant failed to stimulate polyubiquitination
of TBK1. By analogy with the activation of IRAK1/TRAF6, the
[4Fe-4S] cluster most likely plays a structural role, maintaining
viperin in a conformation that can bind STING and TBK1,
rather than reflecting the need for catalytically active enzyme.

Activation of viperin by immune signaling components

As discussed in the examples above, viperin modulates the
biological activity of many of its binding partners. It would
seem likely, therefore, that these proteins would also affect the
activity of viperin, and indeed this seems to be the case.

In common with many radical SAM enzymes, viperin turns
over very slowly; for example, for the recombinantly expressed
and purified truncated rat enzyme, k., is ~0.2 min~ ' (57). The
full-length human enzyme has a turnover number of only 0.04
min~' when overexpressed and assayed in HEK 293T cell
lysates. However, in lysates prepared from cells co-expressing
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IRAK1 and TRAF6, the specific activity of viperin increases
~10-fold to 0.36 min~'. This activation is primarily due to
viperin binding IRAK1 but is further enhanced by TRAF6 (88).
A similar result is observed when viperin is co-expressed with
STING and TBKI. In this case, STING and TBK1 increase the
specific activity of viperin by ~10 fold, with STING providing
the majority of the activation (101).

These observations suggest a regulatory mechanism that
links the synthesis of the antiviral nucleotide, ddhCTP, by
viperin to innate immune signaling pathways mediated by pro-
teins, such as IRAK1, TRAF6, STING, and TBK1. Through this
mechanism, the up-regulation of various proteins necessary for
the cellular antiviral response would be coordinated with the
production of ddhCTP. In both cases, viperin stimulates polyu-
biquitination of a protein kinase to potentiate the signaling
pathway—as discussed further below, it seems plausible that
activation of E3 ubiquitin ligase may underpin other aspects of
viperin’s antiviral activity.

Interaction of viperin with metabolic enzymes
Farnesyl-pyrophosphate synthase

FPPS was one of the first enzymes identified as a possible tar-
get of viperin (before the catalytic activity of viperin had been
elucidated) as a result of yeast two-hybrid screening to detect
potential interaction partners (11). Farnesyl pyrophosphate is a
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key intermediate in the pathway leading to isoprenoids and
cholesterol (104, 105). Many enveloped viruses exploit choles-
terol-rich lipid rafts in the membrane to bud from the host cell
(2, 62, 106). Cell-based studies implicated FPPS inhibition by
viperin as contributing to viperin’s antiviral activity against
influenza A, as viperin expression reduced the activity of FPPS
and resulted in viral particles becoming trapped in the cell
membrane (Fig. 6A4) (11). It is thought that by inhibiting FPPS,
and thus cholesterol production, viperin retards the virus from
budding from the cell.

Subsequent studies, employing recombinantly expressed
enzymes purified from E. coli, failed to find any direct interac-
tion between viperin and FPPS as judged by co-immunopreci-
pitation assays (90). Further experiments, employing FPPS and
viperin transiently co-expressed in HEK 293T cells, demon-
strated that the enzymatic activity of viperin and FPPS is
unchanged by co-expression. Instead, it was found that co-
expression of viperin significantly reduces cellular FPPS levels,
most likely by accelerating the rate at which FPPS is degraded
(90). Unexpectedly, inactive viperin mutants, in which the con-
served cysteinyl residues chelating the [4Fe-4S] cluster were
mutated to alanine, still effectively suppressed FPPS expression.
Although the molecular mechanism by which viperin acceler-
ates the degradation of FPPS was not established, these studies
were among the first to demonstrate that viperin’s dual biologi-
cal functions as radical SAM enzyme and agonist of protein
degradation may be independent of each other.

Mitochondrial trifunctional protein

Another metabolic target identified for viperin is the mito-
chondrial trifunctional protein (MTP), which is involved in
fatty acid B-oxidation (Fig. 6B) (7). Interestingly, this interac-
tion was identified in studies of cytomegalovirus infection and
arises through the virus-induced relocalization of viperin to the
mitochondrion (49). Translocation into the mitochondrion
occurs through the interaction of viperin with the virally
encoded protein, vMIA (mitochondrion-localized inhibitor of
apoptosis), although the details of this process are not under-
stood. It is thought that by inhibiting B-oxidation, and hence
ATP production, the virus weakens the cytoskeleton to facili-
tate its escape from the cell (49).

Studies using purified enzymes in vitro showed that viperin
directly binds to the B-subunit of MTP (HADHB) and inhibits
the thiolase activity, which is performed by this subunit of the
multienzyme complex (50). This interaction was further inves-
tigated in vivo by directly targeting viperin to the mitochond-
rion by appending a mitochondrial leader sequence to the
enzyme. Localizing viperin to the mitochondria decreased the
thiolase activity of cell extracts, consistent with the in vitro
experiments, and consequently caused cellular ATP levels to
fall significantly (50). These effects may partly be attributed to
viperin binding HADHB and inhibiting its activity, but target-
ing viperin to the mitochondrion also lowered HADHB protein
levels, most likely by increasing the rate at which HADHB was
retro-translocated out of mitochondria and degraded by the
proteasome. These functions appear to depend on the enzyme
possessing a [4Fe-4S] cluster, as a viperin mutant lacking the

SASBMB

JBC REVIEWS: Viperin: An antiviral radical SAM enzyme

[4Fe-4S] cluster still bound HADHB but failed to stimulate
HADHB degradation, decrease thiolase activity, or depress cel-
lular ATP levels (50).

A recent report showed that viperin is intrinsically expressed
at low levels in adipocytes and intriguingly pointed to viperin
decreasing fatty acid B-oxidation in rodents as part of the non-
pathological regulation of thermogenesis (89). Viperin knock-
out mice were found to generate more heat and to have reduced
body fat and improved high-fat diet—induced glucose tolerance.
These observations are consistent with viperin acting to regu-
late B-oxidation through its interaction with HADHB, as dis-
cussed above. These observations may also explain the rather
surprising manner in which CMV co-opts viperin to facilitate
the virus’s escape from the cell. We speculate that CMV may
have evolved to exploit to its advantage existing mechanisms
for targeting viperin to the mitochondrion and regulating mito-
chondrial metabolism. However, it is not clear whether viperin
is translocated to mitochondria in nonpathogenic conditions.

Surprisingly, although viperin inhibits HADHB, HADHB
was found to activate viperin toward the synthesis of ddhCTP
severalfold (50). It is unclear why viperin should be activated to
synthesize ddhCTP in mitochondria because this is not a site of
viral replication. However, given that viperin appears to be
involved in nonpathogenic regulation of mitochondrial metab-
olism, an intriguing possibility is that ddhCTP may play an
unrecognized role in modulating mitochondrial transcription.
ddhCTP does not seem to be incorporated by nuclear RNA
polymerases, but the mitochondrial enzyme most closely
resembles the bacteriophage T7 RNA polymerase (107) and so
might be susceptible to ddhCTP.

Interaction of viperin with viral proteins

Viperin has been shown to interact with various viral pro-
teins, both structural and nonstructural, from a number of
viruses (Fig. 6D). Its interactions with flaviviruses, which are re-
sponsible for diseases such as yellow fever, dengue fever, West
Nile fever, Zika fever, and tick-borne and Japanese encephalitis,
have been most extensively documented and are the subject of
a recent review (3). Notably, even within the flavivirus family,
viperin’s interaction with viral proteins appears idiosyncratic.
For example, viperin binds nonstructural protein 3 (NS3), the
protease that cleaves the viral polyprotein into mature compo-
nents, from many flaviviruses. For tick-borne encephalitis virus
(TBEV) and Zika virus (18), viperin causes NS3 to be degraded
by the proteasomal degradation pathway (26); in contrast, NS3
proteins from Japanese encephalitis and yellow fever viruses
were not degraded, and interestingly, these latter viruses are
reported not to be inhibited by viperin. In another example, the
dengue virus coat protein was shown to interact with viperin,
but the TBEV coat protein did not (16, 91). Complicating mat-
ters, some of viperin’s interactions with viral proteins may
occur indirectly (e.g co-expression of the TBEV NS3 protein
with viperin results in other TBEV proteins, including prM, E,
NS2A, and NS2B, being degraded, although these proteins are
not degraded by viperin alone). This may be explained by the
fact that all five viral proteins associate as part of the viral repli-
cation complex (91).
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The flavivirus protein nonstructural protein 5A, NS5A, plays
a crucial but incompletely understood role in viral replication;
it binds both viral RNA and the viral RNA polymerase, NS5B,
among other proteins (9, 12). The NS5A protein from hepatitis
C has been investigated and found to form a complex with the
33-kDa vesicle-associated protein, VAP33, and viperin (13). All
three proteins are membrane-associated and reside at the ER
membrane or on lipid droplets, which are the sites for replica-
tion of flaviviruses such as HCV (61). The association of these
proteins with the ER membrane or lipid droplets appears to be
important for their interaction: when expressed without their
membrane-localizing domains, NS5A, VAP33, and viperin
failed to form a complex (14).

Whether viperin binding to NS5A is a mechanism by which
viperin inhibits viral replication or, conversely, NS5A inhibits
viperin is still not entirely clear. On the one hand, co-expres-
sion of viperin with VAP33 and NS5A in HEK 293T cells was
found to promote the degradation of NS5A through the protea-
somal protein degradation pathway; this activity was not de-
pendent on viperin possessing its [4Fe-4S] cluster. As NS5A is
essential for viral replication, its degradation would inhibit this
process. On the other hand, when co-expressed with VAP33
and NS5A, viperin’s ddhCTP-synthesizing activity was found
to be lower (14). This may be viewed as an adaptation by the vi-
rus to partially neutralize viperin’s antiviral effects, but further
studies are needed to establish the significance of this observa-
tion in relation to viperin’s ability to restrict HCV infection in
cells.

Regulation of protein secretion

Some studies point to viperin playing a role in regulating the
translocation of proteins into the ER and hence their subse-
quent export from the cell. This is the route that some viruses,
such as flaviviruses, exploit to exit the cell. An early study found
that overexpression of viperin inhibits the secretion of soluble
proteins (62), and the N-terminal amphipathic helix of viperin
appeared to be important for this to occur. It was speculated
that its amphipathic helix may induce changes in the morphol-
ogy of the ER that inhibited protein secretion. Another study
identified an interaction between viperin and the cellular pro-
tein Golgi brefeldin A-resistant guanine nucleotide exchange
factor 1 (GBF1) (91). This protein is involved in vesicle traffick-
ing in the secretory pathway and is known to be very important
in the life cycle of many different viruses (3). It was hypothe-
sized that by sequestering GBF1, viperin may impede viral bud-
ding into the ER and, in turn, the exit of virus particles from the
cell. Another study implicated viperin in regulating secretion of
soluble proteins in differentiating chondrocytes (108), which
are the cells responsible for the production and maintenance of
cartilage. In particular, it was found to regulate the secretion of
the cytokine CXC motif chemokine ligand 10 (CXCL10). This
appears to be another example of viperin acting as a regulatory
protein under nonpathological conditions. The mechanism by
which viperin may regulate protein secretion is currently
unexplored.
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Outlook

Although viperin had been known for some 20 years to be
induced in response to viral infection and by interferon (as its
name implies), it is only recently that its enzymatic activity has
been elucidated. The conservation of this radical SAM enzyme
across all kingdoms of life indicates that the synthesis of
ddhCTP (and ddhUTP by fungal enzymes) is an ancient antivi-
ral mechanism. It is notable that this arm of the antiviral
response has been preserved even in higher animals, in which
few other radical SAM enzymes have been retained. Based on
their conserved sequences, it seems likely that the viperin-like
enzymes found in unicellular organisms also synthesize
ddhCTP and/or ddhUTP, although at this point, it cannot
be ruled out that they may also catalyze other reactions. The
mechanism by which viperin catalyzes the dehydration of CTP
to ddhCTP has yet to be investigated in great detail, but the
principle of generating a substrate radical to activate an adja-
cent hydroxyl group is well-established in the mechanism of
ribonucleotide reductase.

The synthesis of ddhCTP provides a simple and elegant ex-
planation for viperin’s antiviral activity, but it is increasingly
clear that in animals viperin is integrated into the much
broader cellular antiviral response through a network of pro-
tein-protein interactions. The significance of these various
interactions is only just beginning to be understood. For exam-
ple, it is well-established that viperin is regulated at the tran-
scriptional level, but only recently has it become apparent that
viperin’s activity is also modulated by its interactions with other
proteins, as illustrated by the ~10-fold activation of ddhCTP-
synthesizing activity when viperin is complexed with IRAK1
and TRAF6 (88). It is also evident that many of viperin’s func-
tional interactions with other proteins do not depend on its
radical SAM-based catalytic activity. As one example, discussed
above, an inactive viperin mutant can be rescued to efficiently
stimulate TRAF6-catalyzed polyubiquitination of IRAK1 by
adding the tight-binding SAM analog, sinefungin.

Among the diverse antiviral properties reported for viperin,
one emerging theme is that viperin promotes the degradation
of proteins, both cellular and viral, to impede the replication of
viruses. Various lines of indirect evidence point to viperin stim-
ulating ubiquitin-dependent protein degradation of its targets,
which would imply that viperin may engage with a subset of the
E3 ubiquitin ligases responsible for tagging proteins with Lys-
48-linked polyubiquitin chains to mark them for degradation.
This hypothesis chimes with the observation that viperin stim-
ulates Lys-63-linked polyubiquitination as part of innate
immune signaling pathways. Here there is still much to learn,
including how viperin recognizes its target proteins and which
of the many ubiquitin ligases it interacts with.

An emerging function of viperin is that it may play a role in
regulating cellular metabolism under nonpathological condi-
tions, as viperin is constitutively expressed in some tissues at
low levels. So far, several reports have linked viperin to the reg-
ulation of protein secretion through the endoplasmic reticu-
lum. Preliminary evidence also exists for viperin regulating
thermogenesis through its interaction with HADHB in mito-
chondria. As the interactome of viperin becomes better
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established, we believe that other protein interactions will be
identified that may serve a regulatory function outside of the
antiviral response.

So far, the only documented function of ddhCTP is as a
chain-terminating inhibitor of certain viral RNA-dependent
RNA polymerases. However, as viperin is now implicated in
regulating an increasing number of cellular processes (e.g. pro-
tein secretion and thermogenesis), which are unrelated to the
innate immune response, it seems reasonable to ask whether
there may be additional functions for ddhCTP. One recently
suggested role is that ddhCTP, synthesized when viperin is
translocated to the mitochondria, may alter the transcription of
mitochondrial genes by acting as a chain terminator of mito-
chondrial mRNA (50, 77).

The elucidation of viperin’s catalytic activity—synthesizing
the antiviral nucleotide ddhCTP—provided a major advance in
our understanding of this ancient radical SAM enzyme that
otherwise seemed out of place in modern, aerobic animals.
However, it is also clear that, like many enzymes in higher ani-
mals, viperin serves important regulatory functions beyond its
role as a catalyst. A major challenge for the field is to rationalize
how one protein can participate in so many apparently unre-
lated cellular processes. Although viperin is known to interact
with numerous proteins, how viperin and its interacting part-
ners recognize each other remains completely unknown. The
crystal structure of the enzyme provides no clues for how other
proteins might bind to it, and no structures have yet been deter-
mined for viperin complexed with any of its interaction part-
ners. This represents a significant bottleneck in our under-
standing of viperin’s modes of action. Going forward, detailed
structural information for the complexes formed by viperin
with other proteins will be a prerequisite for understanding
how viperin recognizes its target proteins and regulates their
biological activities.
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